Background-Chronic changes in blood flow stimulate arterial remodeling, which contributes to the maintenance of vascular homeostasis. Experimental studies suggest that remodeling represents a response to local changes in endothelial shear stress and is nitric oxide-dependent. Methods and Results-To investigate determinants of outward arterial remodeling in humans, we measured ulnar artery flow, diameter, and flow-mediated dilation before and after removal of the adjacent radial artery in 53 patients who were undergoing coronary bypass surgery (age 60Ϯ11 years; 13% female). Removal of the radial artery increased ulnar artery blood flow by 35% (Pϭ0.009) and increased ulnar artery diameter by 9% (PϽ0.001) 4 to 8 weeks after surgery. At 1 week, ulnar artery shear stress was increased by 58% (PϽ0.001), but it was no longer different from baseline at longer-term follow-up. The contralateral ulnar artery was unaffected, which suggests that these findings were not attributable to the systemic effects of medications or the postoperative state. Extent of outward remodeling correlated with the increase in blood flow (rϭ0.50, Pϭ0.001) and with flow-mediated dilation at baseline (rϭ0.50, Pϭ0.001).
C hronic increases in arterial blood flow over days to weeks induce compensatory changes in arterial structure that result in an enlarged arterial lumen with normal wall thickness. 1, 2 This chronic remodeling response contrasts with the acute vasodilator response that occurs within seconds to minutes after an increase in blood flow. Chronic arterial remodeling occurs during normal growth and development, repetitive exercise, and other clinical settings and helps maintain the appropriate balance between tissue demand and blood supply. The primary signal for flow-induced arterial remodeling and flow-mediated dilation is believed to be altered shear stress at the endothelial surface. Shear stress is the frictional force produced by flowing blood, and it relates directly to blood flow and inversely to the third power of the arterial radius. A chronic increase in flow increases local shear stress and stimulates outward remodeling that continues until shear stress has been restored to baseline. Conversely, decreased blood flow leads to an endothelium-dependent decrease in the size of the arterial lumen. 3 This feedback mechanism maintains shear stress in the physiological range and endothelial cells in a quiescent and atheroprotective phenotype. 4 
Clinical Perspective p 3133
Flow-induced arterial remodeling has important links to atherosclerosis. During lesion development, arterial remodeling is an adaptive response that helps maintain lumen size (Glagov phenomenon) . 5 On the other hand, activation of proinflammatory mechanisms during the remodeling process may contribute to plaque vulnerability, restenosis, and cardiovascular events. 6 -8 Remodeling depends on the bioavailability of endothelium-derived nitric oxide 9 and activation of proinflammatory signaling mechanisms and may be influenced by cardiovascular risk factors. 2, 10 In experimental animals, arterial remodeling is often studied by ligation of 1 carotid artery, which produces a sustained increase in blood flow in the contralateral carotid artery at a defined point in time. 11 In the present study, we took advantage of a parallel situation in patients and examined the consequences of increased blood flow in the ulnar artery as it takes over sole blood flow to the hand after removal of the radial artery for use as a coronary bypass conduit. We hypothesized that a chronic increase in ulnar artery flow would induce outward arterial remodeling, and we sought to investigate clinical predictors of this response.
Methods

Study Subjects
We enrolled consecutive patients with coronary artery disease undergoing nonemergent coronary artery bypass surgery using the radial artery as a bypass conduit at Boston Medical Center. The radial artery harvest technique has been described previously and is illustrated in Figure 1 . 12, 13 The present study focused on the structural and functional consequences of radial artery harvest on conduit ulnar artery structure and blood flow. All subjects provided written informed consent, and the protocol was approved by the Boston Medical Center Institutional Review Board.
Preoperative Assessment
Study personnel reviewed medical records and interviewed subjects to determine age, gender, ethnicity, medications, body mass index, cigarette smoking, and clinical history of diabetes mellitus, hypertension, hypercholesterolemia, and unstable angina. We recorded the preoperative complete blood count, serum creatinine, and lipid values from the medical record and measured blood pressure and heart rate (average of 3 recordings) using an automatic physiological recorder (Dinamap, General Electric Healthcare, Waukesha, Wis).
We measured diameter, resting blood flow, peak reactive hyperemia, and flow-mediated dilation in both ulnar arteries by ultrasound as described previously. 14 -16 Briefly, 2D ultrasound images were recorded before and 1 minute after induction of reactive hyperemia by 5-minute inflation of a blood pressure cuff on the upper arm to the greater of 200 mm Hg or 50 mm Hg above systolic pressure. In a subset of 5 patients, we measured ulnar artery diameter 3 minutes after sublingual nitroglycerin 0.4 mg. Doppler flow signals were recorded at baseline and for 15 seconds after cuff release to identify peak reactive hyperemia. Digitized images were analyzed with customized software (Medical Imaging Applications, LLC, Coralville, Iowa) in a blinded manner.
Baseline and hyperemic flows were expressed as flow volume (mL/min) calculated from flow velocity and vessel cross-sectional area. Flow-mediated dilation was expressed as percentage change from baseline and as the ratio of flow-mediated dilation to hyperemic flow. Ulnar artery shear stress was calculated as 8 V/diameter, where is blood viscosity (assumed to be 0.035 dyne · s Ϫ1 · cm Ϫ2 ) and V is ulnar velocity at baseline or at peak hyperemia.
We tested subjects in a postabsorptive state and, when relevant, asked them to refrain from smoking overnight before the study. Vasoactive medications were continued without interruption before the study, because we previously demonstrated no effect of such medications on vascular function in comparable patients. 17 Reproducibility for measurement of arterial flow in our laboratory has been reported previously. 16 We measured ulnar artery diameter 3 times in 46 patients to evaluate reproducibility. The correlation coefficients for paired measurements averaged 0.99, with an absolute difference between measurements of 0.06 mm (2%) and a coefficient of variation of 2%.
Follow-Up Assessment
We repeated measurement of resting ulnar diameters and flows when the subject had achieved a stable condition 3 to 7 days after surgery. We repeated measurement of ulnar artery diameter, flow, peak reactive hyperemia, flow-mediated dilation, and postnitroglycerin diameter at the time of a postoperative outpatient follow-up visit (4 to 8 weeks after surgery). In some cases, we were unable to make follow-up measurements of diameter or flow because of surgical dressing, intravenous infusion catheters, or other clinical circumstances.
Histological Analysis
Radial artery tissue was available from a subset of 14 subjects, and expression of endothelial markers of inflammation in those subjects was included in a previous report. 12 In the present study, we compared adhesion molecule expression in the radial artery to the ulnar artery remodeling response. As described in detail previously, 12 segments of radial artery were fixed in glutaraldehyde, frozen, sectioned, and stained with anti-human P-selectin (BD Pharmingen, San Diego, Calif), vascular cell adhesion molecule-1 (Dako, Carpinteria, Calif), or intercellular adhesion molecule-1 (Santa Cruz Biotechnology, Santa Cruz, Calif) antibodies that had been diluted 1:200, 1:200, and 1:50 with BioGenex diluent (BioGenex, San Ramon, Calif), respectively. Secondary antibody staining was performed with the StrAviGen multilink biotinylated kit (BioGenex). The intensity of staining was assessed by 3 blinded observers using a semiquantitative scale (0, none; 1, weak; 2, moderate; and 3, strong staining), which has good agreement among observers (weighted ϭ0.61). 
Statistical Analysis
The primary end point of the study was the change in ulnar artery diameter induced by removal of the radial artery (arterial remodeling). We divided study subjects into 2 groups using the median change in ulnar artery diameter at the final visit as a cut point and compared the clinical characteristics for the 2 groups using the 2 test for categorical variables and the Student's t test or Mann-Whitney test for continuous variables that had a normal or skewed distribution, respectively. Measurements of vascular structure and function were made at baseline and at the 2 postoperative visits, and we evaluated time-dependent changes using repeated-measures ANOVA.
Although we were interested in the local response to increased ulnar artery blood flow, we recognized that coronary bypass surgery would have systemic effects that could influence ulnar artery structure and function. To distinguish local from systemic effects, we completed an analysis that examined each variable expressed as the ratio of that variable measured in the surgical and nonsurgical arms.
Finally, we explored the clinical predictors of the arterial remodeling response expressed as the percent change in ulnar artery diameter. In this analysis, we identified clinical and vascular variables measured at baseline that correlated with change in ulnar artery diameter. We selected variables that demonstrated a correlation with the extent of ulnar artery remodeling with a P value Ͻ0.10 and included them in multivariable models into which age and sex were forced (history of smoking was the only clinical variable that met this criterion). Analysis was completed with SPSS for Windows version 12.0.1 (SPSS Inc, Chicago, Ill). Data are presented as mean and SD, and PϽ0.05 was considered statistically significant.
The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Study Subjects
Fifty-three patients enrolled in the study; their clinical characteristics stratified by outward remodeling response are displayed in Table 1 . Most had the radial artery removed from the left arm as illustrated in Figure 1 . The enrolled subjects were predominantly male and overweight to obese, with a high prevalence of risk factors, as expected in patients undergoing coronary bypass surgery. Subjects with a remodeling response below the median were more likely to have a history of cigarette smoking. The other clinical characteristics were similar for the 2 groups. Notably, we observed no relation between remodeling response and prescribed medications, including vasoactive drugs and statins.
Effect of Radial Artery Removal on Ulnar Artery Blood Flow and Structure
The effects of radial artery removal on the ulnar artery are displayed in Table 2 . As shown, ulnar artery blood flow increased markedly at 1 week and remained significantly elevated at longer-term follow-up. Ulnar artery diameter increased at 1 week and continued to increase at 4 to 8 weeks. Arterial shear stress was increased at 1 week but was no longer increased compared with baseline at the long-term follow-up visit. In contrast, there were no significant changes compared with baseline in flow, diameter, or shear stress in the nonsurgical arm, in which the radial artery remained intact.
To adjust for the possible systemic effects of the postoperative state or concurrent medications, we examined flow, diameter, and shear stress expressed as the ratio of the surgical arm to the nonsurgical arm. As shown in Figure 2 , removal of the radial artery was associated with a relative increase in ulnar artery flow and diameter at 1 week. After 4 to 8 weeks, the ulnar artery displayed further outward remodeling and a persistent increase in arterial flow. There was a trend for increased shear stress at 1 week that did not achieve statistical significance.
Distinguishing Effects on Structure From Effects on Arterial Tone
The measures of resting lumen diameter used in the present study likely reflect both arterial structure and tone. To help distinguish these components, we measured ulnar diameter after administration of sublingual nitroglycerin in a subset of 5 patients who had an increase in ulnar artery flow after removal of the radial artery. Postnitroglycerin diameter increased 9.9% from 3.35Ϯ0.60 mm at baseline to 3.68Ϯ0.48 mm at the 4-to 8-week time point (Pϭ0.004). To further address this question, we examined the diameter of the ulnar artery 1 minute after the vasodilator stimulus produced by hyperemia (hyperemic diameter). As shown in Table 2 , hyperemic diameter increased progressively at the 2 follow-up visits in the surgical arm, whereas there was no change in hyperemic diameter in the nonsurgical arm. These findings suggested that the present results represent remodeling rather than vasodilation. It is possible that early changes in ulnar diameter represent vasodilation, whereas changes at the long-term time point reflect slower changes in arterial structure. For the whole group of subjects, a large portion of the time-dependent changes in ulnar diameter were already present at the 1-week time point (Table 2) , which might suggest that we were primarily observing flow-mediated dilation rather than remodeling. To better understand the time course among those subjects with a good remodeling response, we examined the subgroup with a remodeling response above the median (clinical characteristics of this subgroup are shown in Table 1 ). As shown in Figure 3 , diameter continued to increase between the early and later follow-up visits, which may be consistent with ongoing remodeling.
Effects of Radial Artery Removal on Vasodilator Function
As shown in Table 2 , we observed a marked increase in hyperemic flow and a strong trend for increased flowmediated dilation in the ulnar artery at the 2 follow-up visits. This increase in hyperemic flow volume likely reflects the increase in resting flow, because there was no significant change when hyperemic flow was expressed as percent change from baseline. Hyperemic flow is the stimulus for flow-mediated dilation, and the trend for improved flow-mediated dilation might reflect the increased stimulus, rather than a local improvement in endothelial function. 18 To address this issue, we calculated the ratio of flow-mediated dilation to hyperemic flow at each time point, and as shown in Table 2 , we observed no significant change over time.
Interpretation of these findings is further complicated by the increase in baseline ulnar diameter, because larger arteries would be expected to dilate less to a given stimulus. Overall, it appears unlikely that the changes in reactive hyperemia and flow-mediated dilation were attributable to an improvement in endothelial function.
Predictors of the Outward Remodeling Response
Multivariable predictors of the outward remodeling response are displayed in Table 3 . We have postulated that the primary stimulus for outward remodeling is the chronic increase in ulnar artery flow after removal of the radial artery. In support of this possibility, we observed direct correlations between the increase in flow at 1 week or 4 to 8 weeks and the degree of outward remodeling at long-term follow-up. We also hypothesized that measures of endothelial function, including flow-mediated dilation, would influence the outward remodeling response. 19 As shown in Table 3 , we observed a significant correlation between the extent of remodeling at long-term follow-up and baseline flow-mediated dilation and the ratio of flow-mediated dilation to hyperemic flow (Figure 4) .
To gain additional insight into the relation between local endothelial phenotype and remodeling, we performed immunohistochemical analysis of radial artery tissue from a subset of 14 patients. As shown in Figure 5 , we observed a significant inverse correlation between endothelial expression 
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of P-selectin and remodeling. There was no correlation between endothelial expression of intercellular adhesion molecule-1 or vascular cell adhesion molecule-1 and extent of arterial remodeling (data not shown). Interestingly, there was a significant inverse correlation between P-selectin expression and flow-mediated dilation adjusted for hyperemic flow at baseline (rϭϪ0.65, Pϭ0.04).
Discussion
The present study characterized the ulnar artery remodeling response after surgical removal of the radial artery and used the contralateral arm with an intact radial artery as a control for the effects of background medications and the postoperative state. We observed an increase in ulnar artery flow and shear stress early after radial artery removal. On longer-term follow-up, we observed outward arterial remodeling and a restoration of shear stress toward baseline. Consistent with the premise that increased flow is the primary stimulus for outward remodeling in this setting, there was a direct correlation between the increase in flow and remodeling. We also examined clinical and local vascular predictors of remodeling. Cigarette smoking was associated with a diminished response, but other risk factors were unrelated. Interestingly, remodeling correlated directly with endothelial function as reflected by flow-mediated dilation and, in a subgroup, correlated inversely with local endothelial expression of P-selectin.
In the present study, it was not possible to fully distinguish between vasodilation and remodeling as an explanation for the increase in ulnar artery diameter. The observation that a large portion of the observed increase in arterial diameter occurred within 1 week might be consistent with vasodilation. On the other hand, the observed increase in hyperemic diameter, the subgroup results showing an increase in postnitroglycerin diameter, and the progressive increase in diameter at the later time point in the "responders" support remodeling.
Animal studies demonstrate that structural remodeling begins to occur 3 to 7 days after a chronic change in flow. 11, 20 The present findings likely reflect a combination of vasodilation and remodeling. It is interesting that experimental studies suggest that arterial remodeling occurs when initial changes in arterial tone are "entrenched" by cross-linking of extracellular matrix proteins and that this process begins within days after a chronic change in flow. 21, 22 Use of the radial artery as a coronary bypass conduit is feasible because of the dual blood supply to the hand. 23 Prior studies of patients undergoing radial artery harvest demonstrated the expected increase in ulnar artery flow velocity by Duplex ultrasound and preserved or only mildly decreased blood pressure and tissue perfusion in the digits early after surgery. 24, 25 The extent of reactive hyperemia is initially diminished but returns to normal over time. 26 All of these findings are consistent with the results of the present study. The present study extends that prior work by directly imaging the conduit ulnar artery to characterize flow-induced remodeling and relating it to systemic risk factors and local arterial function.
We observed that removal of the radial artery acutely increased resting blood flow and shear stress. Over time, blood flow remained elevated, whereas shear stress returned to baseline in parallel with outward arterial remodeling. These findings fit well with our current understanding of arterial remodeling as a homeostatic response to alterations in shear stress. 1, 2 Although beyond the scope of the present study, it would have been interesting to obtain longer-term follow-up. Because shear stress had returned to baseline, we would predict that further remodeling would be minimal. Importantly, the observed levels of shear stress in the ulnar artery (20 to 40 dyne/cm 2 ) are physiologically relevant and comparable to those observed in the coronary circulation. 4, 27 Several prior studies examined flow and shear stress in the radial artery after creation of an arterial-venous dialysis fistula in patients with chronic renal failure. 28 -30 As in the present study, those studies demonstrated outward remodeling of the radial and/or brachial artery that tended to restore shear stress to baseline. Notably, linking the artery directly to the low-pressure venous system produces nonphysiological flow patterns with high diastolic flow. 29 The present study may be more relevant, because we examined a situation in which flow was chronically increased without disruption of the usual relationship between the conduit artery and downstream microvasculature.
To the best of our knowledge, no prior study prospectively examined the clinical predictors of outward remodeling; however, a number of cross-sectional studies have examined this issue. For example, patients with diabetes mellitus had higher shear stress in the upstream artery after creation of an arterial-venous fistula, which suggests impaired outward remodeling. 10 Studies of coronary artery remodeling by intravascular ultrasound or autopsy also examined this question, although the lack of a sustained increase in blood flow and the presence of developing coronary artery lesions makes the situation different from the present study. Those crosssectional studies linked hypertension, 31, 32 low HDL, 32, 33 insulin-dependent diabetes mellitus, 34 and cigarette smoking 35 with impaired outward remodeling. The latter finding is consistent with our finding that smokers had a reduced remodeling response. It is perhaps most striking, however, that we observed so little effect of systemic risk factors on remodeling. Interpretation of these negative findings should be made with caution because of the high prevalence of risk factors and background drug therapy in the present study subjects. However, they may be consistent with the idea that arterial remodeling is a fundamental response of the vasculature that is maintained in stenosis-free arteries despite the presence of risk factors. This concept is based on Glagov's original observation that outward remodeling occurs in patients with risk factors and early atherosclerotic lesions. 5 The present study demonstrated a correlation between flow-mediated dilation and the remodeling response. Because flow-mediated dilation depends on local production of nitric oxide, 19 the present findings are consistent with experimental studies linking the remodeling response to the bioavailability of endothelium-derived nitric oxide. 9, 36, 37 For example, Tronc and colleagues 9 demonstrated that nitric oxide synthase inhibition prevents outward arterial remodeling and compensatory reductions in shear stress in the rabbit carotid artery after creation of an arterial-venous fistula. In the setting of chronic decreases in flow after ligation of the mouse carotid artery, deletion of the gene for endothelial nitric oxide synthase prevents inward remodeling and enhances intimal thickening. 36 Thus, the present study provides new evidence in humans that flow-induced arterial remodeling relates to the functional status of the endothelium.
The mechanisms of arterial remodeling have been reviewed extensively, 1, 7, 8, 22 and it is interesting that remodeling Figure 5 . P-selectin expression and outward remodeling. Radial artery segments were harvested and stained for P-selectin as described in Methods. Expression was rated by 3 blinded observers using a 0-to-3 scale. Representative images for patients with weak staining (ϩ1) and strong staining (ϩ3) are shown in the left panel (original magnification ϫ20). P-selectin expression in the radial artery segment at baseline correlated inversely with the degree of outward remodeling of ulnar artery at the long-term follow-up visit (unadjusted rϭϪ0.69, Pϭ0.007, nϭ14).
is associated with a proinflammatory endothelial phenotype. Remodeling requires controlled and self-limited activation of nuclear factor-B and endothelial expression of adhesion molecules that facilitate accumulation of inflammatory cells in the arterial wall. There is subsequent reorganization of intercellular matrix and proliferation and migration of vascular cells that results in an enlarged artery with normal wall architecture. In the present study, we observed that patients with greater expression of P-selectin at baseline had less outward remodeling. Mouse studies suggest that P-selectin and recruitment of leukocytes into the arterial media are important for both inward and outward arterial remodeling. 11, 38 Although the explanation for the present findings is unknown, they raise the interesting possibility that outward remodeling may not occur normally if endothelial cells have a proinflammatory phenotype before the increase in blood flow. Further studies will be required to confirm this possibility.
The present study has a number of limitations. First, the study included patients undergoing coronary bypass surgery. Although a study of normal subjects might have allowed us to better investigate the effects of risk factors on remodeling, radial artery harvest obviously could not be performed in that setting. Second, we studied patients in the postoperative state, in which pain, fluid shifts, and prescribed medications likely affected vascular function. We adjusted for such systemic factors by using the contralateral arm as a control. We cannot exclude the possibility that local inflammation or edema in the surgical arm might have affected our results, although such changes are unlikely to explain results at the later time point when the surgical incisions were well healed. Third, the postnitroglycerin data in a subset of patients support a change in arterial structure over time, but it was not logistically possible to administer nitroglycerin to all of the study subjects. Counterbalancing these limitations is the relatively large sample size, the prospective study design, and the unique human model.
In summary, the present study demonstrated outward arterial remodeling of the ulnar artery in response to a sustained increased in blood flow in patients undergoing coronary bypass surgery. We observed little correlation with risk factors, but there were significant correlations with the extent of flow increase and with baseline endothelial function. Although we have not measured nitric oxide directly, the present results are consistent with experimental studies indicating that the endothelium is the primary sensor for changes in blood flow and that endothelium-derived nitric oxide and proinflammatory factors influence the remodeling response. These findings provide insights into mechanisms of arterial remodeling in human subjects and are relevant to a variety of clinical situations, including growth and development, exercise, angiogenesis, collateral formation, atherosclerosis, and restenosis after arterial injury. 
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